Introduction
Plants have evolved mechanisms to detect and respond effectively to most pathogens. They possess preformed physical barriers such as the cuticle and cell wall, and biochemical defenses such as antimicrobial toxins. In addition, rapidly inducible defense mechanisms may be activated by pathogen attack. One of the most important of these is the hypersensitive response (HR), where plant cell death due to host-pathogen incompatibility prevents further pathogen infection, and another is the expression of pathogenesis-related (PR) proteins, which confer significant protection against pathogens. HR involves an oxidative burst at the plasma membrane, rapid generation of reactive oxygen species (ROS) such as O 2 -and H 2 O 2 from the plasma membrane (Doke 1985) .
In an effort to understand the plant cell death associated with HR, some mutants that misregulate cell death were isolated. One recessive null mutation defines the gene LSD (LESIONS SIMULATING DISEASE) 1 as a negative regulator of HR-like cell death (Dietrich et al. 1994 , Dietrich et al. 1997 . LSD1 is a zinc-finger protein that regulates both the initial response to pathogens and the subsequent spread of cell death. Following normal HR induced by avirulent pathogens, runaway cell death on the mutant lsd1 spreads over the entire leaf, and the mutant is resistant to virulent pathogens in conditions where no spontaneous cell death lesions were observed (Dietrich et al. 1994) . O 2 -(but not H 2 O 2 ), is a necessary and sufficient trigger for this runaway cell death phenotype of lsd1 plants (Jabs et al. 1996) . Cytosolic copper-zinc superoxide dismutase, an enzyme catalyzing the disproportionation of O 2 -to H 2 O 2 and H 2 O at a diffusion-controlled rate, is upregulated in wild-type plants by the application of salicylic acid (SA), but not in lsd1 (Kliebenstein et al. 1999) , suggesting that the onset and spread of the lesion in the mutant is attributed to a defect in the feedback suppression of O 2 -levels.
It has been demonstrated that the level of glutathione, the tripeptide γ-glutamylcysteinylglycine, which is the major source of non-protein thiols in plant cells, increases in response to oxidative stimuli (Smith 1985, May and Leaver 1993) . Glutathione is involved in the ascorbate/glutathione cycle where H 2 O 2 is reduced to water Halliwell 1976, Asada and Takahashi 1987) and plays multiple roles in plants: tracheary element differentiation, a cell death process (Henmi et al. 2001) , the G 1 -S transition in the cell cycle (Vernoux et al. 2000) , flowering , Ogawa et al. 2002a , Ogawa et al. 2002b ), anthocyanin accumulation (Xiang et al. 2001) , enzymic regulation (Ito et al. 2003) , translational (Kan et al. 1988 ) and transcriptional regulation (Baena-González et al. 2001) , and detoxification of xonobiotics (Marrs 1996) and heavy metals (Cobbett 2000) .
It has also been assumed that glutathione may be involved in disease resistance in some plant-microbe interactions. May et al. (1996) showed that both total glutathione and oxidized glutathione (GSSG) increase in response to pathogen attack and that this increase is dependent on the pathogen-host interaction. Edwards et al. (1991) also observed an increase in the endogenous level of glutathione in bean cells following challenge with pathogen elicitors. In the barley-powdery mildew interaction, a transient oxidation of glutathione correlates with H 2 O 2 accumulation in the mesophyll cells (Vanacker et al. 2000) . It has recently been reported that such a protein as NPR1, a regulator of pathogen resistance, is regulated by the redox state of its cysteine residues (Mou et al. 2003) . Since the redox state of the cysteine residue(s) on the surface of proteins was strongly affected by that of glutathione, changes in the cellular redox state of glutathione following plant-pathogen interactions have be postulated as a trigger for the cellular signaling to appropriate defense responses to pathogens, but whether and how changes in the glutathione redox state contribute to pathogen resistance remain to be elucidated.
In the present study, to investigate whether glutathione plays a crucial role in pathogen resistance or not, we used the mutant lsd1 as a pathogen resistance model and examined the relationship between endogenous glutathione and PR-1 accumulation using the redox modulating reagents reduced glutathione (GSH), GSSG and L-buthionine sulfoximine (BSO), an inhibitor of GSH biosynthesis.
Results
To allow the initiation and spread of runaway cell death in lsd1, we used two different light intensities for plant culture. Lesion formation on lsd1 plants was suppressed at a light intensity of 30 µE m -2 s -1 and promoted at a light intensity of 100 µE m -2 s -1 . 
Effect of an inhibitor of glutathione biosynthesis on runaway cell death and PR-1 expression
To see whether glutathione is associated with conditionally induced runaway cell death and PR-1 expression in the lsd1 mutant, the lsd1 mutant was grown at a light intensity of 100 µE m -2 s -1 in the presence or absence of BSO, a potent inhibitor of γ-glutamylcysteine synthetase (γ-ECS) (Griffith and Meister 1979) , which is the rate-limiting enzyme for glutathione biosynthesis (Noctor and Foyer 1998, Ogawa et al. 2004) . Runaway cell death and PR-1 expression were suppressed by the presence of BSO (Fig. 1) , suggesting that both the phenotypes of lsd1 plants are regulated by glutathione.
Changes in glutathione content and redox state and PR-1 protein accumulation
Plants were grown at 30 µE m -2 s -1 for 3 weeks after sowing and subsequently at 100 µE m -2 s -1 to induce lesion formation. The conditional transition allowed total glutathione (reduced glutathione [GSH] + oxidized glutathione [GSSG] ) in wild-type plants to transiently increase by up to 1.5-fold ( Fig.  2A) , whereas the basal level of total glutathione in lsd1 plants was higher than that in wild-type plants and did not increase following the transition. On the other hand, the glutathione redox state defined as [GSH]/([GSH]+[GSSG]) changed following the transition (Fig. 2B ). The PR-1 protein accumulated in lsd1 plants at about 7 d following the transition, but was not detected in wild-type plants (Fig. 2C) .
Effects of redox-modulating reagents on glutathione content and redox state and PR-1 protein accumulation
To determine which factor, glutathione level or redox state, contributes to the promotion of PR-1 protein accumulation following the conditional transition, we applied GSH at 10 -5 M to lsd1 plants. This treatment resulted in an increase in total glutathione with no change in the redox state of glutath- ione ( Fig. 2A, B ) and hastened the accumulation of PR-1 protein ( Fig. 2C) , indicating that the level is a likely regulator of PR-1 protein accumulation. To confirm this possibility, we then applied GSSG. The application of GSSG at 10 -5 M elevated the endogenous level of total glutathione (Fig. 3A) , suppressed the redox change of glutathione (Fig. 3B ) and hastened the accumulation of PR-1 protein (Fig. 3C) . PR-1 protein was accumulated on the day of conditional transition when the level of total glutathione was elevated by the application of GSSG (Fig. 3C) . These findings indicate strongly that, in lsd1 plants, an increase in the level of total glutathione is sufficient to induce the accumulation of PR-1 protein and that the accumulation is regulated by the level of total glutathione (not by the redox state of glutathione).
SA-induced accumulation of PR-1 protein in plants having various levels of total glutathione
To elucidate whether the level of total glutathione is crucial for the accumulation of PR-1 protein, we investigated the level of PR-1 protein in plants having various levels of total glutathione after treatment with SA (Fig. 4) . PR-1 accumulation was suppressed in the glutathione-deficient cad2-1 mutant, defective in the GSH1 gene that encodes the key enzyme of glutathione synthesis, γ-ECS, whereas it was promoted in transgenic plants carrying the GSH1 gene under the control of the cauliflower mosaic virus 35S promoter (Fig. 4A) . As for the 35S-GSH1 plants, low levels of PR-1 protein were detected on the day of treatment and its accumulation was promoted by treatment with SA, which was not an additive effect (Fig. 4A ). The wild-type level of PR-1 accumulation at 2 d after treatment with SA was comparable to the highest levels in lsd1 plants following the conditional transition (Fig. 4B) . These data strongly suggest that the level of total glutathione is a crucial promoter of PR-1 protein accumulation. 
Differences in glutathione-related phenotypes between wildtype and lsd1 mutant plant
There was a difference in the effect of BSO on the endogenous glutathione level between wild-type and lsd1 plants (Fig.  5) . In wild-type plants, the treatment with BSO at 10 -7 M reduced the level of glutathione to about 38% of that in watertreated plants, and the level was recovered to the control level within 3 d after the start of BSO treatment. In contrast, the glutathione-suppressing effect of BSO was weaker in lsd1 plants than in wild-type plants. The effect of BSO at 10 -3 M on the endogenous level of glutathione was stronger than that at 10 -7 M, but the difference between lsd1 and wild-type plants was similar to that at 10 -7 M: 20% suppression in the wild type and 33% suppression in lsd1, compared with the water-treated controls. These findings imply that glutathione is biosynthesized more in lsd1 than in wild-type plants.
Another difference between wild-type and lsd1 plants is in the effect of exogenously applied GSH and GSSG on the endogenous levels of GSH and GSSG (Fig. 6) . The application of GSH at higher concentrations increased endogenous GSH and GSSG in lsd1 plants but not in wild-type plants. Unlike application of GSH, the application of GSSG at 10 -3 M elevated the endogenous levels of GSH and GSSG in both wildtype and lsd1 plants, but the effect was stronger in lsd1 than in wild-type plants. The application of GSSG at 10 -4 M increased endogenous GSH in lsd1 but not in wild-type plants. Taken together, the lsd1 mutation alters glutathione-related metabolism including not only its biosynthesis but also its transport.
Discussion
The present study indicates that glutathione participates in the promotion of PR-1 gene expression and protein accumulation accompanied by runaway cell death and that its endogenous level is a determinant of these phenotypes in lsd1 plants, but not the redox state of glutathione. Although the endogenous level of glutathione was increased by various treatments in both wild-type and lsd1 mutant plants, considerable levels of PR-1 protein accumulated only in lsd1 plants (Fig. 2, 3) , indicating that glutathione is necessary but insufficient for inducing considerable levels of the gene expression and accumulation of PR-1 for wild-type plants.
In our study, to allow the initiation of runaway cell death in lsd1, we changed the light intensity from 30 to 100 µE m -2 s -1 at 3 weeks after sowing. Following the conditional transition, lsd1 leaves exhibited visible lesions (data not shown) accompanied by the accumulation of PR-1 protein in the plant (Fig. 2,  3 ). We show here that the spread of lesions and the gene expression of PR-1 involves endogenous glutathione using an inhibitor of glutathione biosynthesis ( Fig. 1) and that an increase in the endogenous level of glutathione is sufficient to induce the accumulation of PR-1 protein without the conditional transition (Fig. 2, 3) . We have recently shown that glutathione biosynthesis is coupled with photosynthesis in Arabidopsis thaliana and the level of GSH in wild-type Columbia plants of Arabidopsis increases as the light intensity during the culture is increased within a certain range (from 25 to 100 µE m -2 s -1 ) ). This would be why the conditional transition induces the lsd1 phenotypes: the accumulation of PR-1 protein and runaway cell death.
The gene expression of PR-1 was suppressed by BSO in a dose-dependent manner (Fig. 1) and varied in proportion to the level of total glutathione in plants having various levels of total glutathione (data not shown). By contrast, the accumulation of PR-1 protein did not always correlate with elevated or hastened levels of total glutathione (Fig. 2, 3) , although an elevation of endogenous levels of glutathione resulted in hastened accumulation of PR-1 protein in lsd1 plants. These phenomena are consistent with the fact that GSSG inhibits the translation by promoting the phosphorylation of eukaryotic initiation factor (Kan et al. 1988) . Based on the fact that the level of GSSG increased along with the level of total glutathione (Fig. 5, 6 ), there is an appropriate level of total glutathione to promote the accumulation of PR-1 protein.
The application of GSSG to wild-type plants increased the endogenous levels of GSH and GSSG more than that of GSH (Fig. 3, 6 ). This is probably because the transport of GSH across the membrane requires a transporter that has high affinity for GSSG but little for GSH; the GSSG transported into cells is rapidly reduced to GSH by glutathione reductase ( Foyer   Fig. 5 The effect of BSO on total glutathione level in wild-type (Ws) and lsd1 plants. Three-week-old wild-type or lsd1 plants were treated with BSO at the concentrations indicated by symbols, as described in Materials and Methods. Each plotted value represents the mean of six independent experiments and the bars indicate standard errors. et al. 2001) . It is noted that, in the lsd1 mutant, both treatments effectively elevated the endogenous levels of GSH and GSSG and the elevated levels were higher than those in wild-type plants (Fig. 3, 6 ). These findings indicate that LSD1 regulates glutathione-related metabolism to induce the lsd1 mutationmediated induction of PR-1 expression. However, reverse transcription-polymerase chain reaction (RT-PCR) analysis revealed no differences in the transcript levels of the genes for γ-ECS, glutathione synthetase or glutathione reductase between lsd1 and wild-type plants (data not shown). Affymetrix gene chip analysis has not revealed any candidate genes for the regulation (data not shown). Thus, how the glutathione metabolism is altered by the lsd1 mutation remains unknown.
It has been postulated that the changes in the GSH/GSSG redox state may function in cellular protection in healthy tissues and in the regulation of plant defense genes (Wingate et al. 1988, Zhang and Mehdy 1994) . In barley leaves, plant-pathogen interactions change the activities of antioxidant enzymes and the total pool sizes of ascorbate and glutathione (Vanacker et al. 1998 ). However, there was no correlation between the glutathione redox state and lsd1 phenotypes (Fig. 2, 3) , indicating that this parameter is probably not responsible for the lsd1-dependent runaway cell death and accumulation of PR-1 protein.
It has been considered that SA and NPR1 are two key components in the induction of PR gene expression related to systemic acquired resistance (SAR). Aviv et al. (2002) showed that lsd1 mutation-induced runaway cell death, not a basal disease resistance pathway, requires the accumulation of NPR1 protein and SA. Besides, the NPR1-interacting TGA factors are the principal contributors, which have the binding activity for LS7, an as-1-type promoter cis element existing upstream of the PR-1 gene (Johnson et al. 2003) . The binding activity is enhanced by SA through NPR1 (Johnson et al. 2003) . The NPR1 protein is activated through the change in the redox state of its cysteine residues through the conformational changes in NPR1 protein from inactive oligomer to the active monomer (Mou et al. 2003) . However, based on our finding that the redox state of glutathione is not responsible for the lsd1 mutation-mediating accumulation of PR-1, a NPR1 function to regulate the expression of the PR-1 gene should be controlled not by the redox state of glutathione but by other factors such as thioredoxin and glutaredoxin, which reduce disulfide bonds in proteins (Kamata and Hirota 1999, Meyer et al. 1999) . The cysteine residues of some proteins in vertebrate cells have been shown to form an intramolecular disulfide bridge with GSH (glutathionylation), resulting in the modulation of protein function (Cotgreave and Gerdes 1998) . We have recently identified glutathionylated proteins in Arabidopsis and shown that glutathionylation alters the function of the identified protein (Ito et al. 2003) . Glutathionylation of some proteins might be involved in disease resistance, but further study is needed to elucidate the mechanism for the glutathione-regulated gene expression and accumulation of PR-1 accompanied by runaway cell death.
Lesion formation in lsd1 plants was completely suppressed by BSO at 500 µM, but expression of the PR-1 gene was not absolutely suppressed ( Fig. 1) , implying that there are NPR1-dependent and -independent pathways regulating the expression of PR-1 gene. Without SA application, a small amount of PR-1 protein accumulated in transgenic plants having higher levels of total glutathione than the wild type (Fig.  4A) , whereas cell death was not observed even if SA was applied. These suggest that a glutathione-dependent cell death pathway acts upstream of NPR1 and LSD1. Taking into account consistent study reporting that LSD1 negatively regulates the basal defense pathway, which can act upstream or independently of both SA accumulation and NPR1 function (Aviv et al. 2002) , the above results also suggest that glutathione regulates the basal level of PR-1 accumulation, independently or downstream of SA signaling and NPR1 function. Furthermore, the SA effect in plants with various levels of total glutathione (Fig. 4) suggests that glutathione is involved in amplifying a SA-dependent signal leading to considerable levels of PR-1 protein accumulation, probably independently or downstream of LSD1. In conclusion, it is postulated that, in 
Materials and Methods

Plant materials and growth conditions
The A. thaliana ecotype Wassilewskija (Ws) was obtained from the Arabidopsis Stock Centre, Nottingham, UK (http://nasc.nott.ac.uk/). The lsd1 mutant was generously provided by Dr. Jeffery L.Dangl (University of North Carolina, Chapel Hill, NC, U.S.A.). Five plants were grown in a plastic square pot (6.5 cm × 6.5 cm × 5 cm) filled with two volumes of vermiculite (Asahi-Kogyo, Okayama, Japan) in the bottom, two volumes of Kureha soil (Kureha-Engei-Baido, Kureha Chemical, Tokyo, Japan) for the middle layer and one volume of vermiculite on the top, in a closed greenhouse at 22 ± 2°C under long-day conditions (16 h light/8 h dark cycle) at a light intensity of 30 µE m -2 s -1 until the conditional transition of light intensity to 100 µE m -2 s -1 for the induction of lesion onset and formation in lsd1 plants.
For culture on agar medium, seven plants were grown on 1% (w/ v) agar plates of 2-fold-diluted Murashige-Skoog (MS) medium supplemented with 1% sucrose, 100 mg liter -1 myo-inositol, 500 µg liter -1 pyridoxine hydrochloride, 100 µg liter -1 thiamine hydrochloride and 500 µg liter -1 nicotinic acid under long-day conditions (16 h light/8 h dark cycle; 100 µE m -2 s -1 ). Germination frequency was not affected by BSO at the concentrations used in this study (0-500 µM), but growth was strongly affected over 300 µM.
Cell death index
Rosette leaves and cotyledons exhibiting visible lesions were counted at each time point after sowing. On the basis of the percentage of lesion-formed leaves to total leaves of rosette and cotyledon, cell death index was defined as follows: Level 0, 0%; level 1, ∼20%; level 2, ∼40%; level 3, ∼60%; level 4, ∼80%; level 5, ∼100%.
Chemical treatments and conditional transition for lesion formation
Chemicals were dissolved in water at a concentration of 0.1 M, and the solutions were stored at -20°C until use. The solution for the chemical treatment was adjusted to the designated concentration. At 3 weeks after sowing, 5 ml of the solution was applied to the shoot apex around the middle of the light period, repeating the same treatment 1, 4 and 6 d later (four times in total). To allow lesion formation in the lsd1 mutant, the light intensity was changed to 100 µE m -2 s -1 on day 4 of chemical treatment.
Assay of glutathione
For glutathione measurement, we used the DTNB [5,5′-dithiobis (2-nitrobenzoic acid)]-recycling method (Ellman 1959) . Four plants frozen with liquid nitrogen were ground using a chilled mortar and pestle. The powder (20 mg) was homogenized with 5% (v/v) trichloroacetic acid and centrifuged at 20,000×g for 20 min at 4°C. The supernatant was used for glutathione measurement ).
Assay of PR-1 protein
Proteins were extracted with an extraction buffer (100 mM TrisHCl, pH 7.6, 20 mM 2-mercaptoethanol, 0.5 M sorbitol, 1 mM PMSF) followed by separation by SDS-PAGE [15% (w/v) polyacrylamide gel] and Western blotting analysis. Briefly, the separated proteins by SDS-PAGE were blotted to nitrocellulose membrane. The membrane was blocked in 5% (w/v) BSA at 4°C for 1 h and then incubated with anti-PR-1 antibody in TBS buffer (20 mM Tris-HCl buffer, pH 7.5, 137 mM NaCl, 0.1% Tween 20) overnight. After the blot was incubated with the horseradish peroxidase-conjugated secondary antibody, the complexes were visualized using ECL Western blotting products kit (Amersham, Piscataway, NJ, U.S.A.), following the manufacturer's instructions.
RT-PCR analysis
The total RNA was extracted from leaf tissues using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, U.S.A.) and first-strand cDNA synthesis was performed using Proster first-strand RT-PCR kit (Stratagene, La Jolla, CA, U.S.A.). The primers used in the RT-PCR analysis were as follows: for PR-1, 5′-GCCCAAGACAGTCCTCAAGAC-3′ and 5′-GATTGGTATAACTGAACAAACATGG-3′; for β-TUBLIN 4 (TUB4: NM_123801) as a control gene, 5′-GTCCAGTGTCTGTGA-TATTGCAC-3′ and 5′-GCTTACGAATCCGAGGGTGC-3′. PCR conditions were as follows: one cycle of 94°C (2 min); 25 cycles for TUB4 and 30 cycles for PR-1 at 94°C (30 s), 60°C (1 min) and 72°C (1 min); then one cycle of 72°C (5 min). Amplified DNA was analyzed through an Agilent Technologies 2100 Bioanalyzer (Agilent Technologies, Hachioji, Japan).
